retrospective studies have shown a 15% difference in rates of conversion to permanent shunts with the use of ventriculosubgaleal shunts (VSGSs) versus ventricular reservoirs (VRs) as temporization procedures in the treatment of hydrocephalus due to high-grade intraventricular hemorrhage (IVH) of prematurity. Further research in the same study line revealed a strong influence of center-specific decision-making on shunt outcomes. The primary goal of this prospective study was to standardize decision-making across centers to determine true procedural superiority, if any, of VSGS versus VR as a temporization procedure in highgrade IVH of prematurity. METHODS The HCRN conducted a prospective cohort study across 6 centers with an approximate 1.5-to 3-year accrual period (depending on center) followed by 6 months of follow-up. Infants with premature birth, who weighed less than 1500 g, had Grade 3 or 4 IVH of prematurity, and had more than 72 hours of life expectancy were included in the study. Based on a priori consensus, decisions were standardized regarding the timing of initial surgical treatment, upfront shunt versus temporization procedure (VR or VSGS), and when to convert a VR or VSGS to a permanent shunt. Physical examination assessment and surgical technique were also standardized. The primary outcome was the proportion of infants who underwent conversion to a permanent shunt. The major secondary outcomes of interest included infection and other complication rates. RESULTS One hundred forty-five premature infants were enrolled and met criteria for analysis. Using the standardized decision rubrics, 28 infants never reached the threshold for treatment, 11 initially received permanent shunts, 4 were initially treated with endoscopic third ventriculostomy (ETV), and 102 underwent a temporization procedure (36 with VSGSs and 66 with VRs). The 2 temporization cohorts were similar in terms of sex, race, IVH grade, head (orbitofrontal) circumference, and ventricular size at temporization. There were statistically significant differences noted between groups in gestational age, birth weight, and bilaterality of clot burden that were controlled for in post hoc analysis. By Kaplan-Meier analysis, the 180-day rates of conversion to permanent shunts were 63.5% for VSGS and 74.0% for VR (p = 0.36, log-rank test). The infection rate for VSGS was 14% (5/36) and for VR was 17% (11/66; p = 0.71). The overall compliance rate with the standardized decision rubrics was noted to be 90% for all surgeons.
H ydrocepHalus arising from Grade 3 or 4 intraventricular hemorrhage (IVH) of prematurity (i.e., posthemorrhagic hydrocephalus [PHH]) continues to affect (conservatively) up to 3000 infants in the US yearly. 1, 15 In reporting the findings of a study performed by the Neonatal Research Network, funded by the Eunice Kennedy Shriver National Institute of Child Health and Human Development, Adams-Chapman et al. reported worsened neurodevelopmental outcomes in very low birth weight and extremely low birth weight infants with Grade 3 or 4 PHH and a ventricular shunt versus the same categories of children without a ventricular shunt. 1 The question that then arises is if any of several means of early hydrocephalus surgical management can impact the ultimate need to place a permanent shunt. Several single-center series report the incidence of shunt placement in these children using either subcutaneous reservoirs for intermittent percutaneous removal of CSF or ventriculosubgaleal shunt (VSGS) placement. 3, [6] [7] [8] [9] 11, 16, 17, 19, 22, 23, [25] [26] [27] Two recent notable publications report the retrospectively reviewed single-center experience using both. 14, 28 In 2009, the Hydrocephalus Clinical Research Network (HCRN) published an initial paper in which the permanent shunt rates were evaluated in a 147-patient retrospective nonstandardized cohort. Use of a ventricular reservoir (VR) led to a lower rate of permanent shunt placement in a statistically significant fashion. 30 However, institutional bias as denoted by "center effect" was noted in subsequent publications. 24 Therefore, the HCRN developed standardized management rubrics that were based on findings in the prior 2 studies 24, 30 and agreed upon by consensus. This prospective study evaluated the network experience implementing these standardized management rubrics using both VR placement for intermittent CSF removal (VR group) and VSGS placement for the treatment of PHH due to Grade 3 or 4 IVH (VSGS group). The primary goal of this study was to identify procedural superiority, if it existed, between VRs and VSGSs, once decision-making is standardized.
Methods

Study Population and Design
Appropriate IRB approval was obtained at the University of Alabama-Birmingham as the Clinical Coordinating Center and as a participating center. The study was performed under IRB approval at the University of Utah Data Coordinating Center (DCC); IRB approval was then obtained at the 6 remaining HCRN sites at the time of study initiation. Louis. Due to very low accrual (1 patient), 1 center did not renew IRB approval, thus voiding any relevant follow-up. Therefore, data from a total of 6 centers were used in the final analysis.
The study was designed as a multicenter prospective observational study to initially enroll patients over an 18-month period. Infants were not randomized between VRs and VSGSs. The decision of which temporization procedure to assign was left to the surgeon. The study was initiated in a staggered fashion across the 6 participating centers of the network. However, at all centers, enrollment was extended for up to 39 months until patient accrual was halted across the network in preparation for analysis. Data were collected on paper study forms, transformed to a centralized database (the trial database) maintained at the University of Utah DCC, and cleaned and analyzed at the end of the study in preparation for abstract submission and then for ultimate manuscript preparation. 2, 18 Inclusion criteria were very low birth weight (< 1500 g) premature infants with Grade 3 or 4 IVH. Exclusion criteria were infants who were judged to have less than 72 hours to live due to other non-hydrocephalus-related conditions. Patients were managed per previously agreed upon rubrics: "Decision to Treat," "Decision to Shunt versus Temporize," "Decision to Convert (VR) to Permanent Shunt," and "Decision to Convert (VSGS) to Permanent Shunt" (Figs. 1-4) . Relevant rubric definitions including clot size and density were agreed upon as well (Table 1) . Each rubric was designed using data taken from a previous HCRN study as well as consensus among the HCRN investigatorsurgeons. 24 Only partial consensus could be obtained on the infant weight at which to either temporize or permanently place a shunt. Therefore, a surgeon preference decision node was engineered into the appropriate rubrics to inform later protocols.
Outcome Measures
The primary outcome was conversion of either a VR or VSGS to a permanent shunt within 6 months of the temporization procedure. Secondary outcomes for the purposes of the primary study were the rates of complications, including infection, CSF leak, death, or new intracranial hemorrhage. As the patients within the cohort reach 18-24 months of corrected age, the Bailey Standardized Infant Development-III (BSID-III) test is currently being performed at each center according to local protocols, scored, and recorded in a DCC-centralized database. Once com-pleted, results of this secondary outcome will be reported in a second paper.
Study Compliance
Compliance with the decision rubrics was evaluated overall, and subdivided into 2 groups: HCRN surgeoninvestigators and HCRN surgeon-noninvestigators (those surgeons who are part of an HCRN center, who have agreed to standardize, but who do not have a formal role within the HCRN). Compliance was determined by 2 methods. For enrollment, the frontal occipital horn ratio (FOHR) and patient characteristics were reviewed from the prospective database. For temporization and conversion, compliance was determined at the time of data recording on the data sheet by the site research coordinator. Unclear violations or adherence episodes were identified by the site research coordinators and adjudicated by the study and DCC primary investigators. During the study, endoscopic third ventriculostomy (ETV) became more used. Four patients were initially treated with ETV, and 1 VSGS was converted to permanent CSF diversion using an ETV. For the purpose of this study, ETV was considered compliant if chosen according to the rubrics, and for the purpose of the primary outcome falls under the terminology "shunt."
In addition to standardization of decision-making among surgeons, the VR and VSGS procedures themselves were standardized. Surgical checklists (Online Appendix) and videos were created and circulated among the investigator and noninvestigator surgeons of the HCRN. The procedure for intermittent removal of CSF from VRs was also standardized, including amount per "tap" and the clinical reasons for removal of CSF (Online Appendix).
Statistical Analysis
Binary and categorical characteristics were compared between temporization cohorts using Pearson's chi-square test or Fisher's exact test when the expected number of values within any cell was under 5. Continuous characteristics were compared between cohorts using t-tests. Curves of freedom from permanent shunting over time were constructed using the Kaplan-Meier approach and compared via the log-rank test. The Cox proportional hazards model was used to compute hazard ratios for conversion to permanent shunting, while adjusting for potential confounding factors between the 2 cohorts. All analyses were performed using SAS (version 9.4, SAS Institute, Inc.).
Results
Enrollment across all 6 centers is detailed in Fig. 5 . There were 145 premature infants enrolled across the network. According to the standardized decision rubrics, 28 never reached the threshold for treatment, 11 initially received a permanent shunt, 4 were initially treated with ETV, and 102 underwent a temporization procedure (36 with a VSGS and 66 with a VR). Analyses for this study were restricted to the 102 infants who underwent temporization.
The 2 temporization cohorts were similar in terms of sex, race, IVH grade, head orbitofrontal circumference (OFC), and ventricular size at temporization (Table 2 ). There were 3 relevant statistically significant differences noted between the 2 groups. The VSGS cohort had significantly lower gestational age at birth and lower corresponding birth weight, while substantially more children in the VR cohort had bilateral clot burden. These differences were controlled for in post hoc analysis.
At 6 months after temporization, 21 of 36 children in the VSGS arm and 45 of 66 in the VR arm had converted to a permanent shunt (1 of the 21 VSGS conversions was an ETV). The 180-day conversion rates were 63.5% for VSGS and 74.0% for VR; the freedom-from-event curves were not significantly different (p = 0.36, log-rank test; Fig. 6 ). In a Cox proportional hazards model, the unadjusted hazard ratio for a child treated with VSGS to convert to a permanent shunt, relative to a child temporized with a VR, was 0.79 (95% confidence interval [CI] 0.47-1.32). After adjustment for the factors showing a baseline imbalance between VSGS and VR (gestational age, birth weight, and bilaterality of clot), the hazard ratio was virtually unchanged at 0.75 (95% CI 0.42-1.34).
The incidence of complications occurring after temporization and before permanent shunting (if this occurred) was not significantly different between groups (Table 3) . The infection rate for VSGS was 14% (5/36) and for VR was 17% (11/66; p = 0.71). Rates of CSF leak differed only by 1% between cohorts. During the 6 months after tempo- 
TABLE 1. Agreed-upon SOPHH definitions
SOPHH Definition
Bradycardia Persistent bradycardia was defined for the purposes of the SOPHH study as 3 or more prolonged episodes in a 24-hr period that could not be explained by another medical condition. Split sutures (midparietal sagittal suture)
≥2-mm split (+), <2-mm not split (-)
Bulging anterior fontanel Above the level of the surrounding bone (+), at or below the level of the surrounding bone (-) Extrachoroidal IVH Density: hyperdense (CT)/hyperechogenic (U/S) (+), iso-or hypodense (CT)/iso-or hyperechogenic (U/S) (-); size (reported in length & width): ≥2 cm
The abdomen is considered unusable in the setting of active necrotizing enterocolitis, an unrepaired omphalocele, unrepaired bladder extrophy, or any unresolved abdominal issue that would be thought to inhibit CSF absorption & therefore permanent shunt function. In rare cases in which no foreseeable resolution for the abdominal issue exists, permanent shunting may take place through the use of either the pleural space or the right atrium for distal absorption. rization, a total of 13 children died (6 with VSGSs and 7 with VRs, p = 0.54 using the Fisher's exact test comparing the respective 17% and 11% mortality rates). The overall surgeon compliance rate with the rubrics was 90%. There was a difference between HCRN investigator surgeons and noninvestigator surgeons overall (Table 4). The compliance at enrollment was calculated based on whether the initial FOHR and patient characteristics were appropriate when compared with the protocol. The compliance at temporization and conversion time points was determined by the coordinator at the time of data entry and recorded in a separate field. There appeared to be no statistical difference in compliance with the "Decision to Temporize versus Shunt" or "Decision to Convert" rubrics. There was a statistically significant difference between initial enrollment, however, as HCRN investigator surgeon enrollment compliance was 79/87 (91%) while noninvestigator surgeon enrollment compliance was 44/58 (76%; p = 0.014). This factor likely drove the overall difference when all 3 time points were combined into a single compliance data set.
Discussion
The optimal management of PHH is unknown and very little evidence is available to inform decision-making. In premature infants who develop PHH, we have no evidence to guide when in the evolution of PHH we should treat or how we should treat. The decision of when to intervene has traditionally been based in part on imaging criteria (size of the ventricles, density of the blood clot), the clinical signs and symptoms (including apnea and bradycardia, approximation of the cranial sutures, and status of the anterior fontanel), and/or the head OFC. Across North America and Europe, there is tremendous physician variation in the application of these criteria to determine when to initiate treatment. 4 Often, due to conditions leading to the inability of the child to tolerate a permanent shunt (i.e., IVH burden, concomitant necrotizing enterocolitis, CSF protein levels, or low relative weight at symptomatic hydrocephalus presentation), the infant may undergo a temporizing surgical procedure to divert CSF while these issues resolve. The overall number of infants in the US who initially undergo surgical temporary CSF diversion rather than permanent shunt placement is difficult to determine. However, published rates of conversion from a temporary device to a permanent shunt in this population range from just over 50% to as high as 85%. 3, [6] [7] [8] [9] 11, 13, 16, 22, 25, 27 Traditional temporization approaches include diuretic administration and serial lumbar puncture and have been shown to be largely ineffective in preventing the need for permanent shunting. 31, 32 The patient is therefore typically treated with 1 of 2 available surgical temporization procedures: subcutaneously implanted VRs or VSGSs. These procedures are physiologically very different, and there is little evidence comparing their efficacy or their impact on the incidence of permanent shunting after temporization. The decision between VR and VSGS, therefore, rests almost entirely on physician training or local practice patterns and must be made with virtually no useful data. 24 A 2011-2012 survey of the members of the American Society of Pediatric Neurosurgeons (76 members responding) revealed virtual equipoise between the 2 procedures as well as a willingness to change if a relevant difference between them was identified ("Moving Toward Patient-Oriented Outcomes for PHH," American Society of Pediatric Neurosurgeons Meeting, Puerto Rico, 2012).
A subcutaneously implanted VR is technically straightforward and has the advantage of control of CSF drainage and thereby ventricle size. Also, the transcutaneous CSF withdrawal, with incremental removal of blood product and protein from within the ventricles, has been hypothesized to diminish the chance of long-term communicating hydrocephalus. 3, 6, 7, 9, 11, 16 VR avoids the main complications of other means of intermittent CSF withdrawal, such as repeated lumbar puncture (which frequently yields only a small volume of CSF) and repeated transcortical ventricle puncture (with its risk of intracranial hemorrhage or cystic encephalomalacia). 6 Proponents of VR also believe that it can reduce the need for permanent ventriculoperitoneal (VP) shunting in some patients by allowing the CSF to build up between taps (thereby challenging the infant's natural CSF absorption system). Complications of the reservoir include CSF leak, infection, or possible skin breakdown, with an incidence up to 22%. 5, 11, 20, 23 Some reports suggest that permanent VP shunting can be avoided in 10%-30% of cases after VR, but the actual incidence is likely related to multiple factors, especially treatment selection criteria (i.e., when to treat, when to convert). 7, 20, 23, 33 VSGSs have the benefit of a closed system of CSF diversion without the perceived risks associated with intermittent transcutaneous tapping. Proponents of VSGSs argue that its main advantages include maintaining a closed system in which fluid and electrolytes are not lost, maintaining mild back-pressure from the subgaleal space that challenges the natural CSF absorptive pathways to "kick start" normal function, and the potential for earlier discharge home in lieu of continued hospitalization for tapping and electrolyte management. An initial VSGS typically functions for an average of 37 days and a revised VSGS for about 32 days after the first revision. 27 Some investigators have reported the avoidance of VP shunting in 20% of 23 patients following VSGS, but again, this outcome was influenced by multiple factors, including treatment selection criteria as discussed above. 8, 22, 25, 26 An early HCRN retrospective cohort study designed to evaluate historical conversion of VRs and VSGSs to a permanent shunt across the network included 147 infants who underwent surgical intervention for PHH. Of these, 127 (86%) were initially treated using a temporizing mechanism (VR or VSGS) with 20 (14%) treated initially with a permanent CSF shunt. The proportions of patients undergoing permanent shunt placement after VSGS and VR were 31/36 (86%) and 61/88 (69%), respectively (p = 0.05). This was one of the first and largest studies to directly compare the outcomes of these 2 interventions. 30 Since the initial study was published, 2 single-center studies from St. Louis Children's Hospital and from Johns Hopkins University compared VR versus VSGS use, and neither study showed a significant difference between the 2 procedures in terms of need for ultimate permanent shunt placement. 14, 28 During internal discussions of decision-making for these patients, there was a concern regarding potential confounding factors from center to center. Due to this concern, a second multicenter study was conducted by the HCRN to determine the factors influencing when an infant with PHH received a temporization procedure (VR or VSGS) versus a permanent shunt and when they were converted from a temporary shunt to a permanent shunt. A total of 110 infants were included in this retrospective study. Only larger ventricle size (p = 0.035) and center (p < 0.001) were significantly associated with the placement of a temporization procedure in multivariable regression analysis. 16 (44) 20 (56) 31 (47) 35 (53) 0.81* IVH grade at temporization (%) § 3 4
18 (50) 18 (50) 30 ( Larger ventricles (p < 0.002) and a full fontanel (p < 0.001) predicted the conversion from a temporization device to a permanent CSF shunt. 24 Importantly, the study identified many significant differences in delivery of care among the centers, including conversion rates from temporization to CSF shunting (25%-96%), types of temporization devices used, admission/discharge frequencies per patient, length of stay at the tertiary care center, and the frequency and modalities used for medical imaging of these patients. This dramatic institutional variation underscored the importance of establishing standardized care algorithms and practice guidelines for these medically complex infants.
In the early stages of the study line, it became clear that despite the fact that each participating center was considered a high-volume academic pediatric neurosurgery practice, the patient populations differed among centers, and most importantly, the approaches to management contrasted widely. An 800-g premature infant with a unilateral Grade 3 IVH, for example, would undergo VP shunt placement at 1 center, VSGS placement at another center, reservoir placement for intermittent tapping at yet another, and serial lumbar taps at another. This realization, coupled with the strong HCRN data supporting reduction of shunt infection across the network by standardizing care, led to the hypothesis of "center effect" and the desire to standardize how the surgeons made decisions. 12, 24 The series of rubrics defined in this paper ( Fig. 1-4 ) took 3 years of consensus building to create, based on data from both the first and second paper in the series, 24, 30 and where there were no data, consensus among participating surgeons. For example, there was nearly uniform consensus that split sutures, a bulging fontanelle, or bradycardia should be relevant rather than just the issue of a ventricular FOHR of 0.55 alone (Figs. 1 and 4) , and that infants without these findings did not represent those with the disease process under scrutiny. Surprisingly, once decision-making was aligned, it was a straightforward process to turn the procedures into checklists for the surgeons to follow and be observed performing correctly. There was no clear consensus on the infant weight at which to convert either VR or VSGS to permanent CSF diversion; therefore, a "surgeon preference" option was built into the decision rubrics. A small, but relevant, finding in this study was that surgeons did tend to use 2000 g as the cutoff infant weight for both initial temporization and ultimate conversion; therefore, moving forward this cutoff value has been incorporated into the current HCRN protocols for the management of infants with PHH.
As the body of work in this study line began to expand, it became clear that clinical decision-making in infants with PHH is dictated largely by clinical signs of increased intracranial pressure. It was important, then, to determine if surgeons at each center assessed premature infants for these signs in the same way. At each of the HCRN centers, pairs of surgeons independently assessed for split sutures and bulging fontanels, as defined a priori as greater than 2-mm separation of the sagittal suture at the midparietal point and as the fontanel above the level of the surrounding bone, respectively. In the assessment of 38 infants (76 independent observations), the kappa coefficient for split suture was 0.84 (95% CI 0.67-1.00) and for bulging fontanel was 0.65 (95% CI 0.41-0.90). 29 This study confirmed that there was an adequate degree of interrater reliability among HCRN investigators in their assessment of these clinical signs. This ability to consistently determine which patients met criteria for treatment was considered critical in the formation of the current prospective trial.
There were some critical differences in surgeon compliance, particularly when enrollment into the study based on initial ventricular size and physical examination findings were concerned. Once patients were enrolled, however, it appeared that there was no difference within the "Temporization versus Shunt" rubric or the conversion rubrics.
The role of compliance in protocols is complex and the requirements necessary for consideration of surgeon compliance vary from study to study. In the initial HCRN shunt infection quality improvement study, it was noted that the infection trend declined as the compliance gradually rose, 12 but there were many variables that could have been responsible for the outcome. The well-noted WHO surgical checklist paper published in 2009 in the New England Journal of Medicine reported that 56.7% of the patients received treatment that was in full compliance with the protocol overall. Despite this low percentage, there were highly significant findings of reduced morbidity and mortality. 10 For the multiple-point protocol, prespecified portions of the protocol were chosen and evaluated. The complexity of that protocol may be what reduced compliance overall. It should be noted that the shunting outcomes in posthemorrhagic hydrocephalus (SOPHH) rubrics were considered complex by the HCRN surgeons, yet ultimately served as a valuable roadmap for decisionmaking, and that compliance as determined by surgeon, weight preferences, and conformity to the dictates of the protocol was considered high. This is highly relevant for further network studies in which standardized protocols are a major part, and further effort must be made toward compliance centered on enrollment eligibility.
There are several limitations of this study. Despite its prospective nature, it was not randomized. The study was initially conceived for each center to cross over halfway during an 18-month period (i.e., 9 months) so that all surgeons who performed VR placement at a center would cross over to performing VSGS placement for the latter half of the study. There was, however, significant concern from multiple centers' IRBs such that this was not feasible across the network. The study was therefore redesigned as a prospective cohort study in which the highly statistically relevant "center effect" would be ideally mitigated and the results between procedures would be closer to a true comparative effectiveness study. While this remains the only multicenter study of its kind, it still does not yet fully settle the issue raised in a editorial comment by Dr. Joseph Piatt in 2010 21 in which our field was chastised for continuing to concern itself with "surgeon-centric" outcomes such as infection or shunting rates. While important to patient quality of life, the issue raised in that editorial was relevant in that perhaps ultimately, a parent would prefer a child to be better off neurodevelopmentally, whether a shunt was present or not. This led to the inclusion of the secondary outcome of the BSID-III in this cohort at 18-22 months, which will be reported in a second follow-up paper.
Conclusions
Once the management decisions and surgical techniques used for infants weighing less than 1500 grams with Grade 3 or 4 IVH were standardized across HCRN sites, there was no observed difference in the proportion of infants who ultimately underwent conversion to a permanent shunt from either a VR or a VSGS at 6 months. Compliance was high among both HCRN investigator and noninvestigator surgeons, with differences noted on patient enrollment parameters, but no differences noted once patients were enrolled. Due to the results of this primary study, it does not appear to be necessary to perform a further randomized controlled trial based on shunt conversion alone. Further results on the neurodevelopmental status of this cohort will be forthcoming and will be critical to determining any next necessary steps in the study line. 
